It is experimentally shown that barium titanate glass microspheres with diameters (D) in the range 2-220 lm and with high refractive index (n $ 1.9-2.1) can be used for super-resolution imaging of liquid-immersed nanostructures. Using micron-scale microspheres, we demonstrate an ability to discern the shape of a pattern with a minimum feature size of $k/7, where k is the illumination wavelength. For spheres with D > 50 lm, the discernible feature sizes were found to increase to $k/4. Detailed data on the resolution, magnification, and field-of-view are presented. This imaging technique can be used in biomedical microscopy, microfluidics, and nanophotonics applications. In recent years, research into properties of artificial materials and structures has allowed for a remarkable increase in the optical resolution of imaging systems well beyond the classical diffraction limit. The ideal imaging device should be able to capture the sub-diffraction limited details of an object and project it into the far field with some magnification. Super-resolution imaging devices have been realized using solid immersion lenses, 1 near-field probes, 2 fluorescent, 3 nonlinear, and negative index materials, 4 plasmon gratings, 5 and hyperbolic 6,7 metamaterials. It should be noted, however, that the applications of these structures and devices have been impeded to some extent by their sophisticated engineering designs and various technical limitations.
In this context, the near-field microscopy using nanolenses, 8 microdroplets, 9 and especially, microspheres 10, 11 emerged as a surprisingly simple way of achieving optical super-resolution. It has been demonstrated 10 that silica spheres with refractive index (n) about 1.46 and with diameters (D) in the range 2-9 lm convert the high frequency spatial frequencies of the evanescent field into propagating modes that can be used for far field imaging of these sub-diffraction-limited features by looking "through the microsphere" into a virtual image produced by the microsphere below the surface of the structure.
More recently, it has been shown that the superresolution capability of this technique can be reinforced by semi-immersing the corresponding low-index microspheres in a liquid droplet, producing a sharper contrast with a comparatively smaller magnification factor. 11 It should be noted that although the imaging in the presence of the liquid is useful for biomedical applications, using semi-immersed spheres is technically complicated due to dynamical droplet's evaporation process which leads to gradually varying resolution and magnification of the optical setup. It has been argued, however, that the super-resolution effect cannot be expected 11 when the microsphere is absolutely submerged by the liquid layer.
It has been suggested that, on a fundamental level, there is a connection between the super-resolution strength of micrometer-scale spheres and their ability to focus light down to sub-diffraction-limited dimensions. 10 Such tightly focused beams termed "photonic nanojets" 12, 13 and corresponding "nanojet-induced modes" 14, 15 have been observed in single spheres and chains of spheres, respectively. 16, 17 The calculations predicted maximal super-resolution strength for n ¼ 1. 8 . It has been argued that for n > 1.8 the superresolution strength should be reduced along with a range of micrometer-scale sphere diameters where this effect can be expected. 10 In this work, we experimentally demonstrate that the super-resolution imaging by microspheres totally immersed in the liquid is possible if the index of spheres is higher than 1.9. Recently, barium titanate glass (BTG) microspheres with n $ 1.9-2.1 have been optically characterized in an aqueous environment. 18, 19 Here, by using micron-scale BTG microspheres immersed in isopropyl alcohol (IPA) with index 1.37, we demonstrate the ability to discern the features as small as $k/7, where k ¼ 550 nm is the peak illumination wavelength. A schematic of the setup and a virtual image formation are illustrated in Figs. 1(a) and 1(b), respectively. For spheres with 50 < D < 200 lm, the discernible feature sizes were found to increase to $k/4. The super-resolution field-of-view (FOV) was found to linearly increase with D reaching extraordinarily large values ($30 lm) for $200 lm spheres. The magnification of the virtual images was found to be within 2.5-4.5 range for spheres with D in 2-220 lm range.
Two types of samples containing point and line objects, as illustrated in Figs. 1(c) and 1(f), respectively, were studied. The samples with point objects, Fig. 1(c) , were represented by 2D arrays of gold nanoparticle dimers (NPDs) with periods of 320 nm and 800 nm in x and y directions, respectively. Each dimer consisted of two gold nanocylinders with 120 nm diameters and 30 nm height (2 nm Cr and 28 nm Au) which were fabricated on a fused silica substrate by an electron beam lithography, metal evaporation, and liftoff process. The minimum edge-to-edge separations in dimers were 120 and 150 nm in different arrays. The SEM image in Fig. 1(c) represents NPDs with 150 nm separation (along y direction). The samples with linear objects were obtained using a commercial Blu-ray V R disk (BD) with nominal track pitch sizes of 300 nm consisting of 200 nm width stripes separated by 100 nm width grooves as shown in Fig.  1(f) . The 100-lm-thick transparent protection layer of the disk was peeled off before placing the microsphere. The NPDs sample was fabricated at BU, while the development of the imaging techniques was carried out at UNCC.
Two modifications of BTG microspheres (Mo-Sci Corp.) differing by their chemical composition and, as a result, by their index of refraction (n $ 1.9 and $2.1) were used. The microspheres were positioned on the samples using either micromanipulation or self-assembly. IPA was poured on the surface of the sample by a micro-syringe to totally cover the microspheres. Similar results were obtained using water infiltration.
An FS70 Mitutoyo microscope equipped with a halogen lamp and a CCD camera was used in reflection illumination mode with 100Â (NA ¼ 0.9) or 20Â (NA ¼ 0.4) microscope objectives. The system spectral response was strongly peaked at 550 nm. Using additional filters, we checked that all results are reproducible with narrow band ($20 nm bandwidth) illumination centered at 550 nm. Conventional microscopy allows resolving only the largest 800 nm period of the NPD array (along y direction) which is illustrated in Fig. 1(d) due to the stripe pattern outside the microsphere. Neither the 320 nm period, nor the 150 nm edge-to-edge separations in NPDs are resolved in this image. The 100 nm features in the BD also cannot be resolved.
We observed that the super-resolution imaging of the BD without liquid can be achieved using microspheres with small-to-moderate index of refraction such as borosilicate glass (n $ 1.47), soda lime glass ($1.51), polystyrene ($1.59), and sapphire ($1.77). However, all these microspheres were found to completely lose their imaging capability, if they are completely covered with a liquid such as IPA.
High index (n $ 1.9-2.1) BTG spheres showed a different behavior in these experiments. Without liquid addition, they did not produce any imaging. However, they provided super-resolution imaging in cases when they were totally covered with a liquid, as illustrated for point and linear objects in Figs. 1(e) and 1(h), respectively. The depth of focusing in these images is below the surface of the structure, as can be seen by comparison with conventional images of the same structures in Figs. 1(d) and 1(g) , respectively. It is seen that the far field virtual images of individual gold nanoparticles with 120 nm diameters and 150 nm separations are resolved in Fig. 1(e) . Similar resolution can be seen for a BD, as illustrated in Fig. 1(h) . These results show an ability to discern the shape of a pattern with minimum feature size $k/4, however, direct application of the Rayleigh criterion is complicated due to finite object sizes.
An important property for imaging applications is connected with the FOV which in previous studies was limited to a few microns due to the small diameters of low-index spheres. 8, 10, 11 We found that high-index liquid-immersed spheres preserve their super-resolution capability at significantly larger diameters. As shown in Figs. 2(a) and 2(b) for a sphere with n $ 1.9 and D $ 125 lm, the 150 nm separations The super-resolution strength of liquid-immersed highindex spheres stems from two factors. First, for sufficiently large spheres with size parameter q ¼ pD/k ) 100, the resolution is improved by the reduction of k in a liquid in a similar manner as it occurs in liquid-immersion type lens systems. 20 Second, for smaller values of the size parameter (q < 100), the super-resolution strength can be additionally enhanced 10 due to "photonic nanojet" properties of mesoscale spheres. The evanescent field plays a significant role in the field distribution close to the surface of the sphere for sufficiently large index contrasts; 21 however, the role of near-field evanescent waves in the super-resolution imaging mechanisms requires further study.
To study the dependence of the resolution capability on D, we used a NPD array with a 120 nm minimal separation illustrated in Fig. 3(a) . The resolution was found to generally decrease with D, as illustrated in Figs. 3(b)-3(d) . The intensity profiles were measured along the axis connecting two nanoparticles with a 120 nm separation, as illustrated in the insets to Figs. 3(b)-3(d) . They display double peak structures which were fitted using two Gaussian peaks. The sums of Gaussian peaks are represented by dashed (red) curves in Figs. 3(b)-3(d) . For 4.2 lm sphere, the minimal discernible feature sizes $75 nm ($k/7) can be estimated by assuming that two equally intense points are resolved when the intensity between them is 0.81. For D ¼ 53 lm spheres, the same criterion leads to the minimal discernible feature sizes $k/4.5.
The polarization effects were studied in the images of the BD samples by inserting a linear polarizer before the camera. If the polarizer axis is parallel to the BD stripes, the image has the minimal contrast, as illustrated in Fig.  4(a) . The maximal contrast of the image was achieved with a polarizer axis perpendicular to the BD stripes, as shown in Fig. 4(c) .
To study image magnification (M), we used microspheres with n $ 1.9 and 2 < D < 220 lm, as illustrated in Fig. 5(a) . The refraction law is determined by the index contrast, n 0 ¼ n/n 1 $ 1.39. For an object located at the sphere surface, the virtual image magnification can be estimated as jMj $ jn 0 /(2 À n 0 )j $ 2.3. For spheres with D $ 220 lm, where geometrical optics is expected to be a reasonable approximation, we measured M $ 2.5. For the smallest spheres, 2 < D < 6 lm, where the geometrical ray tracing is not applicable, we observed increasing M with the spheres diameter similar to previous studies of imaging by low-index spheres in air. 10 In the intermediate diameter range, 6 < D < 10 lm, we found that M reaches the maximal values with significant variations from sphere to sphere in the 3.5-4.5 range, as illustrated in Fig. 5(a) . It should be noted that the measurements of M were complicated by difficulties in reproducing the same depth of focusing on the virtual image. In addition, the image magnification increases with the distance from the optical axis due to the pincushion distortion which can be seen in Fig. 1(e) the inset of Fig. 5(b) due to the fact that the lines formed by nanoparticles that do not go through the center of the image are bowed inwards, towards the center of the image. To diminish the role of the pincushion effect, we determined M in the central section of images. As illustrated in the inset to Fig. 5(b) , FOV was defined as a diameter of the circle at the sample surface where we were able to discern the shape of the NPD array with the 150 nm separations. A close to linear dependence of FOV on D was observed, as shown in Fig. 5(b) .
Projection imaging by microspheres has emerged as a surprisingly simple way of achieving far field super-resolution. 10, 11 Many relevant optical properties of microspheres such as photonic nanojets, 12, 13 nanojet induced modes, 14, 15 and periodically focused modes 22 have been observed, stimulating applications of these structures in light focusing devices. 16, 17, 23 Applications of microspheres in biomedical microscopy often require liquid immersion of the samples which greatly reduces the index contrast of the imaging systems and diminishes their super-resolution capability. In this work, we solved this problem by using high index spheres in a liquid environment. For BTG microspheres (n $ 1.9-2.1) with diameters on the order of several microns, we demonstrated the ability to discern the shape of a pattern with the minimum feature sizes $k/7. For larger microspheres with 50 < D < 220 lm, the discernible feature sizes were found to increase to $k/4. We observed that the super-resolution FOV linearly increases with D reaching extraordinary large values (>30 lm) for D > 200 lm. This property reduces the requirements to precise positioning of microspheres. These methods can be realized using spheres made from various high index materials such as titania or semiconductors. Depending on application, the structures can be infiltrated with water or with polymer materials. Due to its simplicity, the superresolution imaging by high index microspheres can find many applications in biomedical microscopy, microfluidic devices, and nanophotonics.
